Immune activation represents an adaptive reaction triggered by both noxious exogenous (microbes) and endogenous [high mobility group box-1 protein (HMGB1), S100 calcium binding proteins] inducers of inflammation. Cell stress or necrosis lead the release of HMGB1 and S100 proteins in the extracellular compartment where they act as damage-associated molecular pattern molecules (or alarmins) by engaging the receptor for advanced glycation end-products (RAGE). Although the biology of RAGE is dictated by the accumulation of damage-associated molecular pattern molecules at sites of tissue injury, the role of RAGE in mediating antenatal fetal injury remains unknown. First, we studied the relationships at birth between the intensity of human fetal inflammation and sRAGE (an endogenous RAGE antagonist), HMGB1, and S100␤ protein. We found significantly lower sRAGE in human fetuses that mounted robust inflammatory responses. HMGB1 levels correlated significantly with levels of interleukin-6 and S100␤ in fetal circulation. We then evaluated the levels and areas of tissue expression of RAGE, HMGB1, and S100␤ in specific organs of mouse fetuses on E16. Using an animal model of endotoxin-induced fetal damage and preterm birth, we determined that inflammation induces a significant change in expression of RAGE and HMGB1, but not S100␤, at sites of tissue damage. Our findings indicate that RAGE and Conventional wisdom holds that the primary causes of the high neonatal morbidity and mortality attendant preterm birth are complications of immature organ systems.
Immune activation represents an adaptive reaction triggered by both noxious exogenous (microbes) and endogenous [high mobility group box-1 protein (HMGB1), S100 calcium binding proteins] inducers of inflammation. Cell stress or necrosis lead the release of HMGB1 and S100 proteins in the extracellular compartment where they act as damage-associated molecular pattern molecules (or alarmins) by engaging the receptor for advanced glycation end-products (RAGE). Although the biology of RAGE is dictated by the accumulation of damage-associated molecular pattern molecules at sites of tissue injury, the role of RAGE in mediating antenatal fetal injury remains unknown. First, we studied the relationships at birth between the intensity of human fetal inflammation and sRAGE (an endogenous RAGE antagonist), HMGB1, and S100␤ protein. We found significantly lower sRAGE in human fetuses that mounted robust inflammatory responses. HMGB1 levels correlated significantly with levels of interleukin-6 and S100␤ in fetal circulation. We then evaluated the levels and areas of tissue expression of RAGE, HMGB1, and S100␤ in specific organs of mouse fetuses on E16. Using an animal model of endotoxin-induced fetal damage and preterm birth, we determined that inflammation induces a significant change in expression of RAGE and HMGB1, but not S100␤, at sites of tissue damage. Our findings indicate that RAGE and Conventional wisdom holds that the primary causes of the high neonatal morbidity and mortality attendant preterm birth are complications of immature organ systems. [1] [2] [3] [4] However, a growing body of investigation suggests that the poor outcome observed in many preterm children is not entirely dependent on their gestational age at birth. 2, 5, 6 After correcting for gestational age, several risk factors remain significantly associated with an increased risk of cerebral palsy, such as intra-amniotic infection, histological chorioamnionitis, prolonged rupture of the membranes, and hypoxemic fetal growth re-striction. [7] [8] [9] Therefore, particularities of the fetal innate immune response to infection appear to cause pathology unique to the premature fetus. This includes a heightened inflammatory and oxidative stress state that acts synergistically with microbial insult to induce cell damage and multisystem organ failure. 7,10 -12 The host's response to microbial pathogens involves a series of carefully orchestrated mechanisms that include the newly described damage-associated molecular pattern molecules (DAMPs). 13, 14 DAMPs, also known as "alarmins," 15 are a pleiotropic group of intracellular proteins that include among others the high-mobility group box-1 (HMGB1 or amphoterin) and S100␤ proteins. 13, 16 When released into the extracellular compartment in excess as a result of cell activation or injury, DAMPs become "danger signals" that specifically activate the receptor of advanced glycation end-products (RAGE). 14, 17 RAGE is a transmembrane receptor, 18 a member of the immunoglobulin superfamily, and functions as a chief receptor for products of nonenzymatic glycoxidation (advanced glycation end-products, AGEs), HMGB1, and S100␤ proteins. 14 In adult humans and animals, RAGE has been shown to be expressed on the cellular surface of cortical neurons and numerous endothelial, smooth muscle, inflammatory, and vascular cells positioned in vital organs such as the brain, lung, heart, liver, and bowel. 19 -22 Binding of DAMPs to the RAGE extracellular domain results in sustained activation of nuclear factor (NF)-B and recruitment of inflammatory cells (CD68-and Cd11c-positive mononuclear phagocyte), which in turn amplify the process of tissue damage.
14 That RAGE and HMGB1 play a fundamental role in inflammation and oxidative stressinduced tissue injury is demonstrated by experiments in animal models where administration of quercetin (flavonoid with potent antioxidant properties and HMGB1 inhibitor) 23 or soluble RAGE (sRAGE, an extracellular truncated form of RAGE that acts as a decoy receptor) or antibodies or peptides targeted against RAGE or HMGB1 attenuate the lethal effects of endotoxin, acetaminophen and ischemia-reperfusion. 24 -30 Recently, we demonstrated that the S100A12-RAGE axis is actively engaged in modulating the intensity of the human intra-amniotic inflammatory response to infection. 31, 32 We attributed a key role to the presence and activity of amniotic fluid (AF) sRAGE. 31 In this study we sought to evaluate the role of RAGE, HMGB1, and S100␤ proteins as mediators of fetal organ injury in the context of infection and/or inflammation. Specifically, we have begun by assessing whether the intensity of the human maternal and fetal inflammation impacts on the fetal systemic levels of sRAGE (as marker of the RAGE system activation), 33 HMGB1, or S100␤ levels at birth. Given that sRAGE acts as a decoy for RAGE we anticipated that in the setting of a robust fetal inflammatory response the circulatory levels of sRAGE are low. We thought that this may be related to inhibition or dysfunction of the mechanisms responsible for synthesis of this decoy receptor in the setting of overwhelming cytokemia. Alternatively, low levels of total sRAGE may be related to successful removal/detoxification of AGEs known to be generated in high amounts in the context of increased metabolic and oxidative stress, such as that associated with fetal prematurity and infection. 34, 35 To elucidate whether RAGE, HMGB1, and S100␤ are participants in the mechanisms underlying infection/inflammation induced fetal cell/organ damage, we turned to an animal model of preterm birth induced by maternal administration of endotoxin (lipopolysaccharide, LPS). 35 First, we evaluated the level of RAGE, HMGB1, and S100␤ tissue expression and regional distribution in specific organs of mouse fetuses at developmental stage E16. Furthermore, we aimed to determine whether altered expression of RAGE, HMGB1, or S100␤ co-exists with tissue inflammation and cellular damage in vital organs such as fetal brain and liver.
Materials and Methods

Patients and Amniotic Fluid Collection
In a prospective study design, we enrolled 121 consecutive preterm singletons born to mothers who had a clinically indicated amniocentesis to rule out infection. All women were recruited at Yale New Haven Hospital (YNHH) following their admission to Labor and Birth or to the High Risk antepartum units. This study extended from May 2004 to October 2007. The Human Investigation Committee of Yale University approved the study protocol.
Amniocentesis was indicated independent of our research protocol. Amniotic fluid was collected by ultrasound-guided amniocentesis and each woman was followed prospectively until delivery. Eligible women had a gestational age at delivery Ն23.1 weeks, preterm labor contractions refractory to tocolysis, preterm premature rupture of membranes (PPROM), or advanced cervical dilatation (Ն3 cm). Exclusion criteria were the presence of anhydramnios, human immunodeficiency or hepatitis viral infections, congenital anomalies, abnormal karyotype, or any known maternal medical conditions. Gestational age was determined based on last menstrual period confirmed by an ultrasound examination before 20 weeks. 36 Preterm labor was defined as the presence of regular uterine contractions and documented cervical effacement and/or dilatation in patients Ͻ37 weeks of gestation. PPROM was confirmed by vaginal AF "pooling," "nitrazine," "ferning," or an amniocentesis-dye positive test. Corticosteroids and antibiotics were recommended as clinically indicated. 37 The neonatology resuscitation team was present at the time of delivery for all neonates. agement of the case. An amniotic fluid glucose cut-off of Յ15 mg/dL, an lactate dehydrogenase level Ն419 U/L, a positive Gram stain and/or culture result were considered suggestive of intra-amniotic infection. The results of the microbiological tests were available for case management and were reported as final 5 days after culturing. The remaining amniotic fluid was transported to the research laboratory, spun at 3000 ϫ g at 4°C for 20 minutes, aliquoted into polypropylene cryotubes, and stored at Ϫ80°C until analysis.
Mass Spectrometry of the Amniotic Fluid
To confirm or exclude the presence of intra-amniotic inflammation, an amniotic fluid proteomic fingerprint (mass restricted [MR] score) was generated using surface enhanced laser desorbtion ionization-time of flight mass spectrometry. The method for generation of the MR score has been previously described. 32 Briefly, the MR score is comprised of four proteomic biomarkers: defensin-2, defensin-1, S100A12 (calgranulin C), and S100A8 (calgranulin A). The MR score ranges from 0 to 4, depending on the presence or absence of each of the 4 protein biomarkers. A value of 1 was assigned if a biomarker peak was present and 0 if absent. Based on our previous results, we stratified the study population based on the "severity" of inflammation (MR 0: "no" inflammation; MR 1-2: "minimal" inflammation; MR 3-4: "severe" inflammation). 38 Scorings of the amniotic fluid surface enhanced laser desorbtion ionization-time of flight tracings were performed by an investigator without knowledge of the maternal outcome, the results of the placental histological examination, or umbilical cord HMGB1, S100␤ protein, and interleukin (IL)-6 levels. The results of the MR score were not used for patient clinical management.
Cord Blood Specimens and Assessment of the Fetal Acid-Base Status at Birth
Within 10 minutes of delivery, cord blood samples (umbilical artery and vein) were collected in pre-heparinized 1-ml syringes, which were then capped and transported to the laboratory. The acid-base status was determined with the ABL 800 FLEX blood gas analyzer (Radiometer Medical A/S, Denmark). Umbilical cord blood was also obtained by aseptic puncture of the clamped umbilical vein. Following collection, the cord blood was immediately centrifuged at 1000 ϫ g at 4°C for 15 minutes. Serum was aliquoted in sterile polypropylene tubes and stored at Ϫ80°C until IL-6, HMGB1, and S100␤ protein levels were examined.
Histological Evaluation of the Human Placenta
Placental tissues were available for all 121 neonates included in this analysis. H&E-stained sections of the amniochorionic membranes and umbilical cord were read by a perinatal pathologist unaware of the results of the MR score, fetal outcome, or umbilical cord blood analyses. Each section was examined systematically for the presence or absence of inflammation, and funisitis was diagnosed when neutrophils infiltrated the umbilical vessel walls or Wharton's jelly. Three histological stages of chorioamnionitis were complemented by the histological grading system devised by Salafia et al, which includes four grades of inflammation of the amnion, chorion-decidua, and umbilical cord. 39, 40 Histopathological evidence of maternal and/or fetal immunoresponse was assessed as previously described by Ghidini and collaborators, 41 and scored as either absent, mild (grades 1-2), or severe (grades 3-4). Severe inflammation in the amnion was considered a marker of activation of the maternal immune system in response to ascending infection, whereas severe inflammation of umbilical cord and/or chorionic vessels was considered to indicate a response of the fetal immune system. 41 
Evaluation for Early-Onset Neonatal Sepsis
Following delivery, all 121 neonates were admitted to the YNHH Newborn Special Care Unit were per institutional clinical guidelines; all had blood specimens and cultures obtained within 2 hours from the time of birth. Blood cultures were performed in the clinical microbiology laboratory for aerobic bacteria, anaerobic bacteria, and Mycoplasma species. Cerebrospinal and urine cultures were performed when clinically indicated. Antibiotic treatment was begun in all neonates after blood cultures were obtained. Early-onset neonatal sepsis (EONS) was defined as the presence of confirmed or suspected sepsis at Յ72 hours after birth. Confirmed sepsis represented the presence of a positive blood or any other body fluid microbial culture. A diagnosis of EONS was based on clinical symptoms corroborated with hematological laboratory results. 42, 43 Sepsis was suspected in the presence of Ն2 hematological criteria in the absence of a positive blood culture. 44 EONS was dichotomized into present (when sepsis was either confirmed or suspected) or absent. 38 Sepsis categorization and neonatal hematological indices were assessed by investigators who analyzed all of the data, unaware of the results of the umbilical cord analyte levels, proteomic profiling of the amniotic fluid, or histological evaluation of the placenta.
Enzyme-Linked Immunosorbent Assays of
Human Cord Blood IL-6, HMGB1, S100␤, and sRAGE Proteins IL-6 (Pierce-Endogen, Rockford, IL), sRAGE (R&D Systems, Minneapolis, MN), HMGB1 (IBL International, Hamburg, Germany), and S100␤ (BioVendor, Candler, NC) immunoassays were performed in duplicate according to manufacturers' instructions by investigators unaware of the clinical presentation and umbilical cord blood sample origin. The minimal detectable concentration for IL-6, HMGB1, S100␤, and sRAGE proteins was 1 pg/ml, 1 ng/ml, 20 pg/ml, or 4.12 pg/ml, respectively. The inter-and intra-assay coefficients of variation were Ͻ10% for all analytes. Several of the cord blood samples were previously used in studies aimed at exploring the relationships between fetal inflammation (IL-6) and the proteomic biomarkers of the MR score. 7 
Mouse Model of Inflammation-Induced Antenatal Fetal Injury and Preterm Birth
The animal model of preterm birth and fetal injury has previously been reported. 35 The University of Maryland, Institutional Animal Review Board (Baltimore, MD) approved the animal experimentation. Briefly, C57BL/6 mice were purchased from Harlan Sprague Dawley (Madison, WI), maintained on a 12:12 hours light cycle and given free access to food and water. On E15.5 (E0 ϭ sperm plug observed), ten pregnant mice were assigned to receive either one 10 g of i.p. injection of LPS (from E. Coli 0111:B4, Calbiochem, La Jolla,) diluted in 0.2 ml endotoxin-free saline (LPS, n ϭ 5) or saline alone (control: CRL, n ϭ 5).
To evaluate the effect of maternal inflammation on fetal survivability, we sacrificed all pregnant animals by cervical dislocation at a specific time following LPS or saline injection. The uterus was quickly opened and the fetuses assessed for viability. A viable fetus was denoted by presence of a detectable motor response to mechanical stimulation. We found that 58% of fetuses were already dead when animals were sacrificed on E16 at 16 hours post-LPS administration. 35 Viable fetuses were fixed in phosphate-buffered formalin and embedded in paraffin. Already dead fetuses were excluded to avoid nonspecific postmortem changes. We assessed the tissue distribution of HMGB1, RAGE, and S100␤ isoform in fetal organs (brain, thymus, lung, liver, bowel, skin, and cartilage) using five random fetuses (one from each LPS mouse) exposed to intrauterine inflammation and found alive at 16 hours post-LPS treatment. For comparison, we used five random fetuses (one from each CRL mouse) obtained at 16 hours after saline injection.
Immunohistochemistry and Image Processing
Five-m sagittal serial paraffin sections were deparaffinized in xylene and rehydrated with graded ethanol to potassium-PBS solution, pH 7.2. Following antigen retrieval with citrate buffer, the sections were pretreated with 1% hydrogen peroxide for 15 minutes, followed by overnight incubation at 4°C with either rabbit anti-HMGB1 polyclonal (1:1000, Shino-Test, Japan), goat anti-RAGE polyclonal (5 g/ml, R&D Systems), rabbit anti-S100␤ monoclonal (1:100, Abcam, clone EP1576Y), or mouse anti-ED1 monoclonal (1:100, Novus Biologicals, Littleton, CO) antibodies. The ED1 antigen is specific to infiltrating macrophages and is homologous to human CD68. 45, 46 Detection was performed with biotinylated donkey anti-goat, goat anti-rabbit, or goat anti-mouse secondary antibodies (1:600, Jackson ImmunoResearch, West Grove, PA) as appropriate. Detection was performed with horseradish peroxidase avidin-biotin complex (Elite ABC system, Vector Laboratories, Burlington VT) and Vector NovaRED was used as a substrate. Sections were counterstained with hematoxylin. For ED1 antigen, a mouse-on-mouse blocking reagent (Vector) was used before exposure to the first antibody. Erythroid lineage cells were identified in double immunoperoxidase staining using a biotinylated monoclonal antibody raised against TER-119, an antigen associated with cell-surface glycophorin A on developing erythroblasts and mature erythrocytes). 47 Detection of TER-119 was accomplished with nickel-diaminobenzidine as the chromogen. In initial experiments optimizing concentration of each primary antibody, specificity of immunostaining was validated with negative sections where the primary antibody has been preabsorbed with fivefold excess recombinant antigen. Subsequently, negative control slides with omitted primary antibody were included with each run.
Sections were first screened for general anatomical landmarks, followed by a systematic examination of fetal organs for markers of tissue and cell damage (hemorrhage, edema, structural loosening and breakdown, nuclear morphological changes, changes in chromatin distribution, or karyorrhexis). Immunohistochemical staining was graded using the HSCORE (histo-score) system, according to the method as described by McCarty et al, which considers the intensity and percentage of cells staining at each intensity. 48, 49 Three randomly selected areas were imaged (ϫ400 magnification) under a light microscope (Olympus IX71, Melville, NY) and digitized using an OLY-200 camera (Olympus) under the same light intensity settings. Cells in each field were scored by two independent investigators (C.S.B., I.A.B.) for staining intensity in the following categories: 0, no staining; 1ϩ, weak; 2ϩ, moderate; 3ϩ, intense staining. HSCORE values (cellular or nuclear component) were calculated for each area using the formula ⌺ Pi (i ϩ l), where i represents one of the four degrees of intensity staining and Pi is its corresponding percentage of cells, which fluctuates from 0% to 100%. The HSCORE is a numerical figure from 100 to 400. A lack of immunoreactivity results in an HSCORE value of 100, while 400 is the highest possible HSCORE (when 100% of cells are stained at a 3ϩ level). 48 Tissue HSCOREs were derived by averaging values from the individual areas. The coefficient of variation for HSCORE was Ͻ7% for all tissues.
Statistical Analysis
Statistical analyses were performed with Sigma Stat, version 2.03 (SPSS Inc., Chicago, IL) and MedCalc (Broekstraat, Belgium) statistical software. Normality testing was performed using the Kolmogorov-Smirnov test. Data were compared with one way analysis of variance, followed by Student Newman Keuls tests (parametric), or KruskalWallis on ranks, followed by Dunn's tests (non-parametric), to adjust for multiple comparisons as appropriate. Although in tables, we present the absolute values, statistical analyses of data derived from immunoassays was performed after logarithmic transformation of data. Spearman or Pearson correlations were used to measure co-linearity between the selected independent variables, as well as other relevant relationships between dependent and independent variables. Comparisons between proportions were done with 2 tests. Stepwise multivariable regression analysis was used to determine concurrent relationships between variables and to correct for possible influences of gestational age and birth weight. A P value of Ͻ0.05 was considered significant throughout the analysis.
Results
sRAGE and DAMP Levels in Human Fetuses at Birth
In Table 1 we present the demographic and clinical characteristics of the study population at the time of enrollment. Women with "severe" intra-amniotic inflammation (MR score 3-4) were more frequently of African American ethnicity, presented with symptoms of preterm birth at an earlier gestational age, and had shorter amniocentesis to delivery intervals, as compared with women with "no" (MR score 0) or "minimal" (MR score 1-2) amniotic fluid inflammation.
The clinical laboratory results for amniotic fluid and pathological examination of the placenta were more often consistent with presence of infection, inflammation, and/or histological chorioamnionitis and funisitis in women with MR scores 3-4 ( Table 2) . Neonatal outcome data, results of the acid-base status and the levels of the cord blood analytes at birth are presented in Table  3 . Overall, neonates delivered in the setting of "severe" intra-amniotic inflammation were delivered at an earlier gestational age, and had lower birth weights and Apgar scores. Women with "severe" amniotic fluid inflammation delivered more frequently at Ͻ30 weeks of gestation compared with the other groups. These clinical findings (79) 21 (55) 37 (63) 0.159 (42) 15 (39) 29 (49) support the biological relevance of the MR score for case classification based on severity of intra-amniotic inflammation. Six neonates had sepsis confirmed by blood culture results Ͻ72 hours after birth (Escherichia coli, n ϭ 4; Streptococcus group B, n ϭ 1; Staphylococcus aureus, n ϭ 1). Neonates delivered by mothers with MR scores 3-4 more frequently had hematological indices suggestive of EONS.
As expected, fetuses delivered by women with severe intra-amniotic inflammation (MR 3-4) had significantly higher cord blood IL-6. In contrast, this subgroup had significantly lower fetal umbilical levels of sRAGE (Table  3) . The HMGB1 and S100␤ levels remained unaffected by intra-amniotic inflammation as assessed by the MR score. To identify the potential impact of other factors, in a multivariate analysis with sRAGE as the dependent variable and maternal and fetal variables (maternal age, parity, race, tocolytics, antibiotics, antenatal steroids, histological chorioamnionitis or funisitis, gestational age at birth, birth weight, cesarean delivery, MR score, fetal acid-base status, EONS, cord blood IL-6, and amniocentesis-to-delivery interval) as independent variables, we determined that a diagnosis of severe histological chorioamnionitis was the strongest predictor of a decreased cord blood sRAGE (R ϭ Ϫ0.517, P Ͻ 0.001), independently of gestational age at birth or birth weight. Presence of severe histological inflammation in either the maternal (one way analysis of variance, P Ͻ 0.001, Figure  1A ) or fetal (P Ͻ 0.001, Figure 1B ) compartment was characterized by significantly lower cord blood sRAGE concentrations.
Overall, there was a significant inverse correlation between cord blood IL-6 and sRAGE levels (P ϭ 0.003, Figure 2A ). Conversely, a significant direct correlation was identified between cord blood IL-6 and cord blood HMGB1 (P ϭ 0.007, Figure 2B ), but not S100␤ (R ϭ Ϫ0.042, P ϭ 0.648, Figure 2C ). However, levels of S100␤ correlated strongly with those of HMGB1 (P Ͻ 0.001, Figure 2D ) and this correlation was significantly stronger than that of HMGB1 with IL-6 (Z statistic ϭ Ϫ4.7, P Ͻ 0.001). In multivariate regression analysis, cord blood HMGB1 levels were the strongest predictor of an elevated cord S100␤, independently of gestational age at delivery, birth weight, histological chorioamnionitis, PPROM, race, fetal acid-base status, or cord blood IL-6 (r ϭ 0.744, F-ratio 113.1, P Ͻ 0.001). Relationship between histological evidence of maternal (A) or fetal (B) inflammation and umbilical cord blood levels of soluble RAGE (sRAGE). sRAGE was measured using an immunoassay (R&D Systems) that detects a heterogeneous population of soluble RAGE proteins that encompass both alternative splice variants and cleavage forms of RAGE. Maternal inflammation was assessed by the extent of inflammatory infiltration of the amnion as absent (n ϭ 59), mild (n ϭ 29), or severe (n ϭ 33), as described in Materials and Methods. The extent of inflammatory infiltrate in umbilical cord and/or chorionic vessels was used to establish the level of fetal inflammation as either absent (n ϭ 43), mild (n ϭ 14), or severe (n ϭ 64). One-way analysis of variance followed by posthoc Student-Newman-Keuls tests was used for statistical analysis. Error bars indicate SE.
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In Normal Mouse Fetal Organs HMGB1, RAGE, and S100␤ Are Expressed in a Select Tissue Distribution Pattern
We first set out to provide a systematic mapping of normal mouse fetuses at E16 by immunohistochemistry of tissue levels and localization of HMGB1, RAGE, and S100␤ in vital organs. The anti-RAGE antibody demonstrated an intense and uniform pattern of RAGE expression throughout the fetal body ( Figure 3) . We determined that all zones of the brain cortical areas were intensely RAGE-positive ( Figure 3A ). This is consistent with the observations of Hori and collaborators, 50 and the important physiological role of RAGE in neurite outgrowth during development. Neurons in the cortical plate, external germinal layer of the cerebellum and Purkinje neurons were RAGE-positive, with the immunohistochemical signal predominantly localized to plasma membranes and cellular processes. A conspicuous membrane RAGE expression was also observed in epithelial cells of the choroid plexus. Outside the central nervous system, RAGE appeared to be expressed in numerous tissues and organs throughout the fetal body. The thymus had prominent RAGE staining in both cortical and medullar areas ( Figure 3B ). The lung parenchyma also stood out as intensely RAGE-positive ( Figure 3C ), with cells of the airway epithelium appearing to exhibit the strongest RAGE expression (Figure 3C , inset) and in a predominant membrane location. In the fetal liver, RAGE immunostaining appeared less prominent than in the developing lung and was primarily localized to erythroblastic and myeloblastic progenitors ( Figure 3D ) scattered throughout the liver, consistent with the active role of fetal liver in extramedullary hematopoiesis at this developmental stage. The most conspicuous hepatic RAGE expression was detected in either a population of small cells with basophilic nuclei and scant cytoplasm ( Figure 3D Figure 3D , inset, green arrowhead) as judged by their ED1-positive status. Hepatic endothelial cells were also RAGE-positive. In contrast, RAGE appeared to be expressed less in hepatocytes and mature small erythroblasts. The epithelial surface of the intestinal villi, intestinal glands, and muscular layer of the fetal bowel stained RAGE-positive (Figure 3E ). Both basal and suprabasal layers of the fetal skin epidermis displayed intense RAGE immunoreactivity whereas the underlying connective tissue of the dermis was devoid of staining ( Figure 3F, inset) . Chondrocytes in the primordial cartilages of the vertebral bodies, and of the nucleus pulposus of the intervertebral disks had intense RAGE staining ( Figure 3G, inset) . Of note, muscle tissues throughout the embryo including that of the tongue, intestine, heart, urinary bladder, and media of blood vessels displayed conspicuous RAGE immunoreactivity. The HSCORE for RAGE demonstrated significant differences among fetal organs ( Figure 3H , one way analysis of variance, P Ͻ 0.001) with the lung appearing to harbor the strongest RAGE signal.
The anti-HMGB1 antibody allowed us to conclude that at E16, HMGB1 is ubiquitously present in nuclei of tissues and organs throughout the fetal body (Figure 4) . Specifically, we determined that brain areas with densely packed nuclei ( Figure 4A ) such as the cortical plate, ventricular zone, or external germinal layer of the cerebellum, are rich in HMGB1 positive nuclei. Some nuclei stained more intensely than others, giving the whole area a patchy appearance. As expected, fetal thymus had prominent HMGB1 nuclear staining especially in the cortical area ( Figure 4B ). The lung parenchyma also had a patchy distribution of HMGB1 positive nuclei with most of them belonging to endothelial cells and to the airway epithelium of segmental and terminal bronchi ( Figure 4C , inset). In the liver, hepatocyte nuclei stained more strongly for HMGB1 than nuclei in erythroblastic islands ( Figure 4D ). Importantly, neither hepatic erythroblasts nor hepatocytes displayed extranuclear HMGB1 staining in any of the CRL fetuses, which is consistent with the intranuclear predominance of HMGB1 in noninflammatory cells. 16 Conversely, nuclear and extranuclear HMGB1 was seen in both sinusoid and erythroblastic island-associated macrophages. Nuclear HMGB1 was distinctly identified in the fetal bowel ( Figure 4E ). Interestingly, "goblet" cells (mucus secreting) of the small and large intestine appeared intensely HMGB1-positive. We observed that the pattern of HMGB1 expression in the intestinal goblet cells was primarily extranuclear. In contrast with RAGE, HMGB1 was present only in the basal layer of the fetal skin ( Figure 4F ) in both nuclear and extranuclear location. Chondrocytes in the primordial vertebral body cartilages ( Figure 4G ) and in the nucleus pulposus had intense HMGB1 staining restrained to the nucleus. In addition, unossified primordial chondrocytes of the ribs, sternum, and other fetal bones also displayed HMGB1 positive nuclei. Next, we were interested in comparing the histological expression levels of HMGB1 in organs of the mouse fetus. Given that in normal fetuses most tissues displayed a predominant nuclear pattern of HMGB1 staining, we restricted our analysis to the nuclear component of the HSCORE, which revealed that the brain cortical plate, thymus, and lung display the most prominent levels of HMGB1 staining (Figure 4 H, P Ͻ 0.001). However, in contrast to RAGE, HMGB1 seemed to be expressed less uniformly throughout the embryonic body.
At E16, S100␤ was found to be even less expressed in the organs of the fetus, as compared with both RAGE and HMGB1 ( Figure 5, A-I ). Within the nervous system, S100␤ was not identified in the cortical plate, intermediate or ventricular zone of the forebrain ( Figure 5A ). However, S100␤ was selectively present in cells scattered within the pons and medulla oblongata regions of the hindbrain ( Figure 5B ) and anterior horns of the spinal cord (not shown). Overall, the most prominent S100␤ staining was concentrated in the villous epithelium of the small bowel ( Figure 5F ) and chondrocytes of the unossified cartilages including those of the developing calvaria ( Figure 5B), sternum ( Figure 5C ), vertebra, and nucleus ϭ 1 mm) . The arrows depict topographically fetal organs or tissues photographed at higher magnification (Scale bar ϭ 150 m) in the panels labeled as follows: A, forebrain; B, thymus; C, lung; D, liver (the red and green arrowheads point to the small and large RAGE expressing hepatic cells described in Results section respectively); E, bowel; F, skin; G, vertebral cartilage tissue. The areas delineated by the squares are further shown as higher magnification captions (Bar ϭ 33 m) in the right corner inset of each panel. H: distribution of RAGE staining intensity among fetal organs and tissues in n ϭ 5 different fetuses. Error bars indicate SE one-way analysis of variance followed by posthoc Student-Newman-Keuls tests was used for statistical analysis. Bars with at least one common letter are not different at a value of P Ͼ 0.05. Representative fields of brain cortical plate (CP), thymus, lung and skin from slides processed identically but omitting the primary antibody are shown in the panel labeled Negative (Scale bar ϭ 33 m). Abbreviations: ae -airway epithelium; bdl -anterior wall of the urinary bladder; bl -basal layer of epidermis; bo -bowel; bv -blood vessel; ce -cerebellum; cp -cortical plate; cpms -cartilage primordium of manubrium sterni; du -duodenum; eb -erythroblastic islands; fbforebrain; gc -goblet cells; iz -intermediate zone; liv -liver; lv -lateral ventricle; md -muscle diaphragm; me -meninges; ml -muscular layer; mo -medulla oblongata; nc -nasal cavity; np -nucleus pulposus in the central part of a lumbar intervertebral disk; oc -olfactory cortex; ocpv-ossification within a cartilage primordium of a vertebra; pc -pericardium; po -pons; sbl -suprabasal layer of epidermis; sc -spinal cord; sp -spine; thc -thymus cortical zone; thm -thymus medullar zone; tm -tectum mesencephali; to -tongue; ur -base of urachus; vc -vena cava; vz -ventricular zone; xp -xyphoid process.
DAMPs and Fetal Inflammation 965
AJP September 2009, Vol. 175, No. 3 pulposus of the intervertebral disks ( Figure 5H ). The HSCORE analysis demonstrated that the fetal bowel and vertebral cartilage expressed the highest levels of staining for S100␤ ( Figure 5I , P Ͻ 0.001).
LPS-Induced Preterm Birth Is Associated with Elevated RAGE Expression in Fetal Brain and Liver
In view of the proposed role of RAGE-HMGB1 interaction in both physiological and pathological processes leading to tissue damage, we next turned to investigate expression of RAGE in LPS-induced inflammation and preterm birth. We found a specific and organ selective increase in RAGE immunostaining in both the brain and the liver of fetuses exposed to inflammation in utero, as compared with CRLs ( Figure 6 ). In the brain, there was significant increase in RAGE expression in the cortical plate ( Figure  6 , A and B), external germinal layer of the cerebellum, Purkinje neurons ( Figure 6 , C and D, see inset), and choroid plexus ( Figure 6 , E and F). In the liver, in conjunction with the increase in RAGE-positive cells and immunostaining intensity, we also observed a change in the subcellular localization of RAGE, with LPS markedly increasing the cytoplasmic level of RAGE signal in hepatocytes, which were otherwise observed to express low RAGE levels in the absence of inflammation. Furthermore, compared with CRL, LPS also increased the population of small cells with a basophilic nucleus and intense membrane RAGE staining ( Figure 6 , G and H, see inset). Aggregates of these cells were observed in higher numbers in perivascular hepatic parenchyma, as well as in intravascular spaces, which was indicative of their blood-derived origin or function. In Figure 6I we present distribution of RAGE staining intensity among fetal organs and tissues in n ϭ 5 different fetuses. Error bars indicate SE one-way analysis of variance followed by posthoc Student-Newman-Keuls tests was used for statistical analysis. Bars with at least one common letter are not different at a value of P Ͼ 0.05. Representative fields of brain cortical plate (CP), thymus, lung, and bowel from slides processed identically but omitting the primary antibody are shown in the panel labeled Negative (Scale bar ϭ 33 m). Abbreviations: ae -airway epithelium; bdl -anterior wall of the urinary bladder; bl -basal layer of epidermis; bo -bowel; bvblood vessel; ce -cerebellum; cp -cortical plate; cpms -cartilage primordium of manubrium sterni; du -duodenum; eb -erythroblastic islands; fb -forebrain; gc -goblet cells; iz -intermediate zone; liv -liver; lv -lateral ventricle; md -muscle diaphragm; me -meninges; ml -muscular layer; mo -medulla oblongata; nc -nasal cavity; np -nucleus pulposus in the central part of a lumbar intervertebral disk; oc -olfactory cortex; ocpv -ossification within a cartilage primordium of a vertebra; pc -pericardium; po -pons; sbl -suprabasal layer of epidermis; sc -spinal cord; sm -sinusoid macrophage; sp -spine; thc -thymus cortical zone; thm -thymus medullar zone; tm -tectum mesencephali; to -tongue; ur -base of urachus; vc -vena cava; vz -ventricular zone; xp -xyphoid process.
the results of the HSCORE analysis for RAGE cellular immunostaining, which demonstrated a significant upregulation of RAGE in fetuses exposed to antenatal inflammation.
LPS-Induced Preterm Birth Is Associated with Elevated Extranuclear HMGB1 in Fetal Brain and Liver
Similar to RAGE, and compared with fetuses of CRL animals at the same embryonic stage, we noted a selective and marked up-regulation of HMGB1 in fetal brain and liver, but not in other organs such as thymus, cartilage, lung, or bowel. Immunohistochemical analysis of various brain regions demonstrated a significant elevation in HMGB1 staining intensity in specific brain areas. In the forebrain cortex, areas rich in nuclei such as the cortical plate ( Figure 7 , A and B) were specifically affected compared with the intermediate and ventricular zones. Of importance was the shift in cellular distribution from the primarily intranuclear pattern of staining in CRL fetuses to an intracytoplasmic and even intercellular location of HMGB1 in the brain of inflammation-exposed fetuses ( Figure 7 , A and B, insets). Brains of inflammation-exposed fetuses had widespread areas of neuropil cavitation suggestive of severe tissue damage ( Figure  7B , white arrows). We next focused our attention on regions of the mouse hindbrain such as the cerebellum ( Figure 7 , C and D) and choroid plexus of the fourth ventricle ( Figure 7 , E and F), which is an important source of cerebrospinal fluid. We noted a significant up-regulation of HMGB1 in the external germinal layer of the cer- Figure 5 . Photomicrograph of fetal mouse S100␤ immunoreactivity in normal pregnancy. Parasagittal section of a representative mouse fetus at E16 stained immunohistochemically with a monoclonal antibody against S100 ␤ (Scale bar ϭ 1 mm). The arrows depict topographically fetal organs or tissues photographed at higher magnification (Scale bar ϭ 150 m) in the panels labeled as follows: A, forebrain; B, hindbrain; C, thymus; D, lung; E, liver; F, bowel; G, skin; H, vertebral cartilage tissue. The areas delimited by the squares are further shown as higher magnification captions (Scale bar ϭ 33 m) in the right corner inset of each panel. I: distribution of S100 ␤ immunostaining intensity among fetal organs and tissues in n ϭ 5 different fetuses. Error bars indicate SE; one-way analysis of variance followed by posthoc Student-Newman-Keuls tests was used for statistical analysis. Bars with at least one common letter are not different at a value of P Ͼ 0.05. Representative high magnification fields of fetal bowel and cartilage from slides processed identically but omitting the primary antibody are shown in the panel labeled Negative (Scale bar ϭ 33 m). Abbreviations: ae -airway epithelium; bdl -anterior wall of the urinary bladder; bl -basal layer of epidermis; bo -bowel; bv -blood vessel; ca -developing calvaria; ce -cerebellum; chp -choroid plexus; cp -cortical plate; cpms -cartilage primordium of manubrium sterni; du -duodenum; eb -erythroblastic islands; fb -forebrain; gc -goblet cells; iz -intermediate zone; liv -liver; lv -lateral ventricle; mdmuscle diaphragm; me -meninges; ml -muscular layer; mo -medulla oblongata; nc -nasal cavity; np -nucleus pulposus in the central part of a lumbar intervertebral disk; ob -olfactory bulb; ocpv -ossification within a cartilage primordium of a vertebra; pc -pericardium; po -pons; sahs -subarachnoidal space; sbl -suprabasal layer of epidermis; sc -spinal cord; sm -sinusoid macrophage; sp -spine; thc -thymus cortical zone; thm -thymus medullar zone; tm -tectum mesencephali; to -tongue; ur -base of urachus; vc -vena cava; vz -ventricular zone; xp -xyphoid process.
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AJP September 2009, Vol. 175, No. 3 ebellum and a diffuse pattern of HMGB1 up-regulation in the inferior mesencephalic colliculus ( Figures 7D). A significant change in HMGB1 was noted in the simple cubic epithelium of the choroid plexus ( Figure 7F , inset) accompanied by diffusion of HMGB1 within the loose connective tissue rich in blood capillaries. An increased number of free red blood cells in the subarachnoidal space (Figure 7D) , as well as in the fourth ventricle ( Figure 7F ), was indicative of subarachnoidal and interventricular hemorrhage, both consistently identified in the brains of fetuses whose mothers received LPS. The fetal liver was also markedly affected ( Figure 7 , G and H). Whereas in CRL fetuses HMGB1 staining of hepatocytes was confined to the nucleus (Figure 7G ), the staining in LPS fetuses was primarily localized to hepatocyte cytoplasm and paracellular spaces, as shown in Figure 7H (inset). The overall increase in HMGB1 immunoreactivity in brain and liver sections of fetuses with antenatal exposure to maternal Abbreviations: aq -aqueductus; ca -developing calvaria; ce -cerebellum; chp -choroid plexus within the fourth ventricle; cp -cortical plate; eb -erythroblastic islands; egl -external germinal layer of the cerebellum; fv -fourth ventricle; gt -germinal trigone; he -hemorrhage; ic -inferior colliculus mesencephali; izintermediate zone; lal -lateral lemniscus; me -meninges; sahs -subarachnoid space; ss -sagittal superior dural venous sinus; vc -vena cava; vz -ventricular zone.
968 Buhimschi et al AJP September 2009, Vol. 175, No. 3 inflammation was confirmed by our semiquantitative HSCORE analysis as shown in Figure 7I (P Ͻ 0.001).
Concurrently with the increase and extranuclear redistribution of HMGB1, we observed a significant increase in the number of nuclei with an irregular shape (karyorrhexis), chromatin disorganization, and loss of hematoxylin affinity (karyolysis). These histopathological changes appeared to be most prominent in brain and hepatocyte nuclei ( Figure 7J , P Ͻ 0.001) and were consistent with those described in oxidative stress-induced cellular injury. 51 We further determined that the small cells with scant cytoplasm were TER-119 positive indicative of their erythroid lineage ( Figure 8A, red arrows) . In livers of CRL fetuses these cells were confined to erythroblastic islands and showed little HMGB1 expression. An increase in the number of TER119-positive cells were seen in fetal livers of the LPS treated animals ( Figure 8, B and C) .
LPS-Induced Preterm Birth Is Not Associated with Changes in Fetal S100␤ Expression
Next, we examined whether at this developmental stage, inflammation affects the levels of S100␤ expression in fetal organs that physiologically express either low (brain and liver) or high (small bowel and cartilage) levels of S100␤. 52 Using a monoclonal antibody selectively reactive with the S100␤ subunit, we showed by immunohistochemistry that the strong cellular positivity within intestinal cells and chondrocytes remained unaffected by the inflammatory status (Figure 9, A-D) of the fetus. There One-way analysis of variance followed by posthoc Student-Newman-Keuls tests was used for statistical analysis. Bars with different letters are statistically different at a value of P Ͻ 0.05. Abbreviations: aq -aqueductus; ca -developing calvaria; ce -cerebellum; chp -choroid plexus within the fourth ventricle; cp -cortical plate; eb -erythroblastic islands; egl -external germinal layer of the cerebellum; fv -fourth ventricle; gt -germinal trigone; he -hemorrhage; ic -inferior colliculus mesencephali; iz -intermediate zone; lal -lateral lemniscus; me -meninges; sahs -subarachnoid space; ss -sagittal superior dural venous sinus; vcvena cava; vz -ventricular zone. Representative high magnification fields from LPS slides processed identically but omitting the primary antibody are shown in the panel labeled Negative (Scale bar ϭ 10 m).
was no significant difference between LPS and CRL fetuses in terms of the number of S100␤-positive cells scattered in different structures of the central nervous system. Similarly, the structures within fetal liver remained largely devoid of S100␤ staining. HSCORE analysis revealed that inflammation did not alter the normal pattern of fetal S100␤ expression at E16 ( Figure 9E ).
HMGB1 and RAGE Are Coexpressed in Sites of Brain and Liver Tissue Injury
The developmental expression of RAGE and HMGB1 in the nervous system of mouse embryos at E15 was previously reported by Chou and colleagues. 53 However, detailed studies on expression and subcellular localization of RAGE and HMGB1 in the setting of fetal inflammation and preterm birth were not available. We determined that at E16, RAGE, and HMGB1 are co-expressed at sites with morphologically altered brain tissue architecture and subarachnoid hemorrhage ( Figure 10, A and  B) . To confirm the inflammatory nature of the observed fetal brain lesions, we investigated the involvement of infiltrating macrophages identified on the basis of ED1 antigen expression. 45 Figure 10 , C and E demonstrates that the affected area characterized by prominent extranuclear HMGB1 and RAGE staining co-exist with multiple cavitation lesions and is abundantly populated by ED1ϩ cells. The vascular pial membrane overlying the lesion could serve as the originating site of diapedesing monocytes ( Figure 10D ), a phenomenon not observed in CRL fetuses ( Figure 10F) . A rich co-expression of RAGE, extranuclear HMGB1 and ED1ϩ inflammatory infiltrate was also observed in livers of fetuses exposed to inflammation in utero ( 
Discussion
In 1993 Leviton was the first to advance the concept of the fetal inflammatory syndrome, 54, 55 based on the observation that recognition of microorganisms and activation of the fetal immune system was followed by an outpouring of acute pro-inflammatory cytokines. Therefore, fetal cytokinemia is traditionally viewed as a fetal inflammatory response to infection, which represents an increased risk of perinatal injury that includes brain damage and multisystem organ failure. 7,56 -58 Yet not all fetuses exposed to acute inflammation or high levels of cytokines die or develop white matter injury or cerebral palsy. 6, 7, 59 This suggests that the cellular mechanisms leading to fetal injury are multifactorial and cannot be ascribed to levels of a single acute cytokine or mutations in a specific gene.
Herein we address for the first time in the human fetus some of the complex interrelationships between RAGE and two well-recognized DAMP molecules, HMGB1, and S100␤, respectively. It is well-established that the biology of RAGE is largely dictated by the expression and accumulation of its ligands including HMGB1 and S100 proteins, such as S100␤ and S100A12 (ENRAGE). 29, 60 Prompted by our prior proteomic discovery that amniotic fluid S100A12 is a late phase inducer of intra-amniotic inflammation, we had shown that the RAGE apparatus localized exclusively to amnion epithelial, decidual, and extravillous trophoblast cells, while the villous trophoblast was largely RAGE negative. 31 Furthermore, we found an exponential increase in amniotic fluid sRAGE concentration with increasing gestational age. This finding may explain the higher incidence of infection-related preterm deliveries earlier in pregnancy. 31 The current study takes the next step by extending our study of the rules of engagement for RAGE in the amniotic fluid, amnion and placenta, to the human fetus. We find a significant inverse relationship between the fetal systemic levels of sRAGE and severity of inflammation in the intra-amniotic, maternal, and fetal compartment. Our results suggest that the levels of sRAGE are significantly decreased in fetuses that mount an inflammatory reaction. Thereby, it is possible that sRAGE consumption allows excessive activation of multiple signal transduction pathways, such as the mitogen activated protein kinase family (p38, Erk1/2, jnk) or Rho GTPases (cdc42, rac), leading to tissue damage and multiple organ failure in fetuses with a robust inflammatory response to infection. 61, 62 A large number of spliced RAGE mRNA variants have been described for the human RAGE gene (AGER). 63 The soluble form of RAGE (sRAGE) that potentially counteracts advanced glycation end-products and other RAGE ligands, such as HMGB1 and S100␤, consists of several forms, including endogenous secretory RAGE (esRAGE; a C-terminally truncated splice variant of RAGE), as well as cleaved-type forms generated by shedding of the extracellular domain of RAGE. The stimulus for sRAGE shedding seems to involve HMGB1 binding to RAGE and the sheddase ADAM10. 64 Given the complex transcriptional and post-transcriptional regulation of RAGE, future studies are needed to identify the relationships between inflammation and RAGE variants, including esRAGE in fetal tissues and fetal circulation. In this study we assessed the total sRAGE, which includes the sum of es-RAGE and that of the proteolytically derived forms. Prior studies established a decrease in the systemic levels of total sRAGE in several clinical conditions with an inflammatory component such as coronary artery disease, diabetes, and rheumatoid arthritis. [65] [66] [67] The current results expand this observation to the human fetus.
A significant number of human fetuses in this study were delivered shortly after a diagnosis of intra-amniotic infection and/or inflammation was established. Given that HMGB1 and S100␤ are chronic mediators of inflammation, our finding that their levels were not significantly elevated in the setting of "severe" intra-amniotic inflammation may imply that removal of the fetus from the hostile environment occurred before the onset of irreversible fetal damage. A bell-shaped response curve that reflects chronicity should be also considered in future studies. Moreover, we observed a significant direct correlation between the fetal circulatory levels of an acute (IL-6) versus a chronic (HMGB1) cytokine. This relationship, however, was not as strong as that of the two late phase cytokines (HMGB1 and S100␤), implying that the two systems vary independently to a certain extent. It is known that among acute phase cytokines, IL-6 mediates the transition from the acute to chronic inflammation by promoting monocyte and macrophage chemoattraction and activation while concomitantly inhibiting neutrophil activity. 68, 69 However, owing to its ability to engage RAGE, HMGB1 is not the initiator of an acute inflammatory course, but rather the perpetuator of a chronic process leading to cellular dysfunction and tissue destruction.
14, 29 This premise has been extensively examined in humans and murine models of disorders with chronic 
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AJP September 2009, Vol. 175, No. 3 components such as diabetes, inflammatory bowel and coronary artery disease and arthritis. 70 -72 Our findings may provide an explanation for the clinical observation that neonatal complications such as necrotizing enterocolitis, subependymal and intraventricular hemorrhage, or cerebral cavitation with subsequent development of porencephaly manifest clinically only days to weeks after birth. 73 This suggests that the process leading to neonatal injury although initiated in utero, has an important chronic component that continues to evolves postnatally and may also explain why, at birth, levels of acute phase cytokines in either amniotic fluid or cord blood are not always predictive of neonatal outcome. 6, 8, 59 By study design, we limited our analysis in preterm newborns to the timing of birth since a large number of neonates with postnatal complications would have been required to test the possible involvement of IL-6 in promoting fetal cellular damage and oxidative stress via release of HMGB1. We propose that following birth, the initial acute insult spirals into a self-perpetuated chronic inflammatory state leading to tissue damage. Further studies are needed to confirm this hypothesis. If true, in the postnatal period, sustained high levels of chronic mediators of inflammation such as HMGB1 may be better markers of outcome than IL-6.
Innovative methods of neuro-imaging have identified that preterm birth perturbs the program of corticogenesis in the developing brain. 74 The recognition that regions of the brain have diverse susceptibility to injury at various degrees of maturation has stimulated investigators to identify the cells within the fetal nervous system that are selectively vulnerable to antenatal insult and biomarker proteins predictive of brain damage. 9, 75, 76 One such biomarker is S100␤. 77, 78 We found that in human preterm fetuses, HMGB1 is a very strong predictor of systemic S100␤ levels, independently of gestational age, birth weight, or cord blood IL-6 levels. This finding is consistent with the intracellular location of these two DAMP molecules and absence of the classical NF-B and AP1 response elements on the S100␤ promoter. 79 Yet, correlation does not imply causation. Thus, experiments targeted at unraveling some of the complex interrelationships responsible for our end results in humans were required in an animal model of inflammation induced preterm birth, oxidative stress, and fetal damage. 35 We first compared RAGE, HMGB1, and S100␤ immunostaining in the normal fetal mouse body. We determined that at E16, RAGE, HMGB1, and S100␤ are expressed in a variety of fetal vital organs, but out of the three inflammatory mediators, RAGE was most uniformly expressed throughout the body. Unlike RAGE, which localized primarily on the cellular surface, HMGB1 had a primarily intranuclear location. This observation is consistent with its role as a nonhistone DNA-binding protein that functions in nucleosome stabilization and activation of the transcriptional machinery. 16 Using an antibody targeting the C-terminus of S100␤, we found that this isoform is present in several structures of the brain with important roles in controlling autonomic (pons, medulla oblongata) or motor functions (cerebellum, anterior horn of the medulla). However, in comparison with both RAGE and HMGB1, S100␤ was much more sparsely expressed in the central nervous system at this stage of development. Interestingly, high levels of S100␤ expression were identified in the villous epithelium of the bowel and chondrocytes of unossified bones. This is consistent with other previous reports, which suggest that although S100␤ is considered a brain-specific DAMP with roles in neuroinflammation and postinjury brain tissue repair, it can be also expressed in the kidney, bone, skin, and muscle. 80 Together, our results suggest that the instigators of the mechanisms exaggerating the host response to infection leading to chronic tissue destruction are expressed in multiple fetal organs. Their potential for chronic tissue destruction when released in excess in the extracellular space, as noted for HMGB1 in mouse fetuses exposed to inflammation, may explain the large spectrum of complications associated with prematurity in the immediate postnatal period. 29 Finally, as reflected in the differences in HSCOREs, exposure of the fetus to inflammation and tissue infiltration with ED1ϩ monocyte/macrophages was accompanied by a selective increase in staining intensity of RAGEand HMGB1-positive brain, cerebellum, choroids plexus, and liver cells. Our anti-RAGE polyclonal antibody captured both RAGE and sRAGE. Interestingly, we observed an increase in the cytoplasmic level of RAGE staining in the brain and liver of fetuses exposed to inflammation in utero. This suggests that inflammation is either a transcription inducer for esRAGE or a stimulus for increased shedding of the extracellular domain of RAGE, or both. The choroid plexus is involved in the clearance and metabolism of sRAGE-DAMP complexes in the brain. 81 Hence, an alternative explanation for the increased intracellular staining for RAGE is that both hepatocytes and cells of the choroid plexus sequester sRAGE from blood and cerebrospinal fluid, respectively. This may explain our finding that fetuses with a high level of inflammation have lower sRAGE levels. Further studies are needed to confirm this premise.
Under normal conditions, HMGB1 is mostly a nuclear protein. 82 Yet, our data confirm that in the context of cellular stress and necrosis induced by inflammation, HMGB1 is released in the surrounding tissue of the fetal brain and liver, as demonstrated by marked differences in the cellular and nuclear HSCOREs. It is known that in response to cellular stress, S100␤ is released into the extracellular space where, similarly to HMGB1, it exhibits cytokine-like functions via RAGE-mediated NF-B transactivation. 83 However, in our experimental mouse model, we were unable to observe changes in expression or location of the S100␤ isoform in response to LPS. This may be explained by the low level of basal S100␤ expression observed in the mouse brain and liver at this stage of gestation. 84, 85 Previous studies have shown that expression of both RAGE and S100␤ is developmentally regulated with a marked increase in expression in the immediate postnatal period. 53, 81, 85 Thus, our results cannot rule out an effect of S100␤ in mediating brain damage and/or repair following delivery.
RAGE, HMGB1 and the macrophage antigen ED1ϩ were co-expressed at sites with obvious tissue injury, such as brain cavitation and subarachnoidal hemorrhage. This provides evidence for the proposal that HMGB1 and components of the RAGE system play a key role in the pathophysiology of periventricular leukomalacia and intraventricular hemorrhage. Using the same animal model, we previously demonstrated that fetuses exposed to inflammation in utero have increased liver glutathione consumption, which is consistent with an increase state of antenatal fetal redox imbalance. 35 The results of this study suggest that, along with oxidative stress and inflammation, HMGB1 and RAGE can act as mediators of hepatotoxicity. We further determined that nucleated cells of erythroid lineage (TER119ϩ) are present in the liver of fetuses exposed to LPS in utero. This finding is consistent with our previous study in humans, which demonstrated that inflammation represents an important stimulus for nucleated red blood cell production or release in the absence of hypoxia. 86 Thus, from our previously published data, coupled with the results presented here, we conclude that the process of fetal inflammation comprises a variety of acute and chronic pathological processes that collectively induce an imbalance in tissue homeostasis characterized by extracellular release of DAMPs and tissue damage. The current study puts forth the hypothesis that RAGE and HMGB1 are active participants in mediating the process of fetal and neonatal tissue injury that may lead to multiple organ dysfunction. There is substantial evidence that the process of fetal tissue destruction, in cases complicated by intra-amniotic inflammation, is initiated in utero. Given the ability of RAGE and HMGB1 to promote chronic, rather than acute cellular stress, our data highlight that the consequences of the fetal inflammatory response to infection may extend well beyond the antenatal period. The potential to refine therapeutic compounds to target DAMPs and RAGE to prevent fetal and neonatal damage is exciting and such studies should be pursued.
